Abstract Müller cells serve many functions including the regulation of extracellular glutamate levels. The product of two genes, Slc1a3 [aka solute carrier family 1 (glial high affinity glutamate transporter), member 3] and Glul (aka glutamine synthetase) are the primary role players that transport glutamate into the Müller cell and convert it into glutamine. In this study, we sought to identify the genetic regulation of both genes. Given their tightly coupled biological functions, we predicted that they would be similarly regulated. Using an array of 75 recombinant inbred strains of mice, we determined that Slc1a3 and Glul are differentially regulated by distinct chromosomal regions. Interestingly, despite their independent regulation, gene ontology analysis of tightly correlated genes reveals that the enriched and statistically significant molecular function categories of both directed acyclic graphs have substantial overlap, indicating that the shared functions of correlates of Slc1a3 and Glul include production and usage of ATP.
Introduction
The vertebrate retina is a highly complex tissue comprised of multiple neuronal types and Müller glial cells. The physiological role of the retina is to convert visual signals that are initiated at the level of the photoreceptor outer segment to electrical stimuli that are relayed to the visual cortex of the brain. This is accomplished using neurotransmitters as the means of communication between synaptically connected neurons. As in all neurons, neurotransmitters in the retina are produced in the presynaptic cells after which time they are stored in vesicles, ready to be released. Upon receiving the proper stimulation, the vesicles fuse with the presynaptic membrane and the neurotransmitter is released into the synaptic cleft. After crossing the small distance to the postsynaptic cell, the neurotransmitter binds to its receptor, thus propagating the signal. The primary neurotransmitter in the vertical pathway of the retina is glutamate, which is used by photoreceptors, bipolar cells and ganglion cells [1] [2] [3] [4] [5] [6] .
Glutamate, a proteinogenic amino acid, is synthesized from ammonium and alpha-ketoglutarate, a component of the Kreb's cycle. Cells use glutamate to synthesize other amino acids, proteins and other neurotransmitters such as gamma-Aminobutyric acid (aka GABA) [7] . In its role as a neurotransmitter, glutamate stimulates and depolarizes its post-synaptic cell. Because glutamate is a ubiquitous and highly abundant excitatory neurotransmitter, its extracellular levels must be very tightly regulated to prevent neurotoxicity. Within retinal neurons that use glutamate, the intracellular concentration is approximately 5 mM [2] . However, only micromolar levels of glutamate are required to stimulate receptors on post-synaptic membranes. Therefore the amount released at the synaptic cleft is several orders of magnitude higher than necessary, which can be neurotoxic.
Müller cells play a critical role in buffering extracellular glutamate levels and their physical location supports this function very well. With their nuclei present in the inner nuclear layer, Müller cells extend processes that envelope retinal neurons and their processes across the entire thickness of the retina from the photoreceptor inner segment to the axons of ganglion cells [8] . It is only at synapses that neurons have direct contact with other neurons; Müller cells fill the extraneuronal space providing a physical and functional buffer. Using a well-developed mechanism, Müller cells remove toxic levels of extracellular glutamate and convert it to glutamine [9] .
Within the retina, five high affinity glutamate transporters have been cloned: excitatory amino acid transporter (EEAT)-1, EAAT-2, EAAT-3, EAAT-4 and EAAT-5 [10] [11] [12] [13] [14] [15] . EEAT-2 through -5 are localized to retinal neurons. In contrast, EEAT-1, which has many synonyms including Slc1a3 and GLAST, has been localized to the plasma membranes of Müller cells [16] [17] [18] [19] . Here Slc1a3 actively transports glutamate into Müller cells along with three Na ? ions. In exchange for the intracellular transport, K
?
and OH -/HCO -are transported to the extracellular space [20] [21] [22] . It is important to note that the function of Slc1a3 is tightly coupled to Na/K ATPase [23] , which balances the ionic gradients across the Müller cell membrane. Although Müller cells transport large amounts of glutamate intracellularly, they do not immunolabel with anti-glutamate antibodies [6] . This is because the glutamate is rapidly converted into glutamine by the enzyme glutamine synthetase, encoded by Glul, which is subsequently exported from the glia for recycling by neighboring neurons back into glutamate [24, 25] .
The purpose of this investigation was to combine the power of RI strains of mice and systems genetics approaches to identify the genetic networks that regulate and are regulated by Slc1a3 and Glul, the genes that encode for Slc1a3 and glutamine synthetase, respectively, the two Müller cell expressed proteins that are responsible for buffering extracellular glutamate. Recombinant inbred (RI) mice are a very useful resource to identify the genetic basis of a phenotype, including the regulation of transcript levels. We have expanded the original BXD RI panel that was generated at the Jackson Laboratory by inbreeding of siblings from C57BL/6 J (B6) and DBA2/J (D2) parents by including additional strains of mice from advanced crosses [26] . Collectively, these mice comprise the largest RI mouse panel available [26] [27] [28] . Each BXD line is a discrete population with fixed genotypes at each locus and the parental B6 and D2 alleles segregating among the strains. Because individuals within each RI line are isogenic, the genotype of each line can be used to develop a map of complex traits ranging from DNA variation to phenotype [29] . Using eQTL mapping, we were able to identify genetic regions that regulate the expression levels of both genes. We also constructed GO directed acyclic graphs for both transcripts individually as well as shared correlates. Using this methodology we determined that although each GOTM graph has unique categories relating to the particular functions of each gene product, there are many shared correlates that focus on ATP production and usage.
Materials and Methods

BXD RI Mice
Throughout this study, mice were handled in a manner consistent with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, the Public Health Service Policy on Humane Care and Use of Laboratory Animals). All studies were approved by the Animal Care and Use review board of the University of Tennessee Health Science Center. Our goal was to obtain data for independent biological samples for a least two animals of each sex for all BXD strains. Collectively, our data represent a wellbalanced sample of males and females belonging to 75 strains, but without within-strain-by-sex replication. A total of 316 adult mice of both genders were utilized: 300 BXD mice (two male and two female from each of 75 BXD strains); eight mice from parental strains (two male and two female from B6 and D2); and eight F1 hybrid mice (two male and two female from each F1 hybrid mating). Animals were weaned at 25 days of age and housed in samesex cages with 2-5 mice per cage until the day of sacrifice. Animals had free access to standard laboratory chow and water and were maintained on a 12:12 light/dark cycle. Room temperature ranged from 20 to 24°C.
Tissue and Sample Processing
Mice aged 48-118 days were sacrificed by rapid cervical dislocation. Retinas were removed immediately. Two retinas per mouse were immersed in RNALater and stored in a single tube overnight at 4°C. The next day the retinas were transferred to the -80°C for long-term storage. Total RNA was prepared from the retinal tissue with RNA-Stat-60 as described by the manufacturer (Tel-Test, Friendswood, TX). The concentration of the RNA solution was determined by measuring the absorbance at 260 nm with the NanoDrop 1000A Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, USA). The quality and purity of RNA was assessed using an Agilent Bioanalyzer 2100 system to assess the relative quantities of 18S and 28S RNA, as well as the RNA integrity.
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Biotinylation of cRNA, Hybridization and Array Platform
Total RNA (150 ng) was processed with the Illumina TotalPrep RNA Amplification Kit (Ambion, Austin, TX) to produce biotinylated cRNAs, according to the manufacturer's protocol. This procedure included the reverse transcription of RNA to synthesize the 1st strand cDNA, 2nd strand cDNA synthesis, cDNA purification, in vitro transcription to synthesize cRNA, and the cRNA purification and amplification. The concentration of the cRNA solution was determined by measuring the absorbance at 260 nm using the NanoDrop 1000A Spectrophotometer. The biotinylated cRNAs (1.5 ug/sample) were hybridized to Illumina Sentrix Ò Mouse WG-6 v2.0 arrays (Illumina, San Diego, CA) for 19.5 h at 58°C according to the manufacturer's instructions. The Illumina Sentrix Ò Mouse WG-6 v2.0 arrays possess probes that have 29-mer addresssequence and 50-mer gene-specific sequence to interrogate approximately 46,000 sequences from the mouse transcriptome. The 29-mer was used in the decoding process in order to determine what bead type was present at each location on the array. The Illumina Bead Array confocal scanner and Illumina BeadStudio Gene Expression module (version 3.3.7) were used to scan the BeadChips and monitor the hybridization signals. The quality of the hybridization and overall processing of the BeadChip was monitored by visual inspection of both the internal quality control checklist and raw scanned data.
Data Processing
Quality control analysis of raw image data was performed using the Illumina BeadStudio software. In addition, MIAME standards were used for all microarray data and technical replicates were averaged before computing the mean for independent biological samples [30] . Rank invariant normalization with BeadStudio software was used to calculate the data. Once this data was collected, the data was globally normalized across in a four step process: (1) computation of the log base two of each raw signal value; (2) calculation of the mean and standard deviation of each Mouse WG-6 v2.0 array; (3) normalization of each array using the formula 2 (z-score of log2 [intensity]); and (4) computation of the mean of the values for the set of microarrays for each strain. This process generates arrays with means of 8, variances of four, and standard deviations of two. An advantage of this method is that a two-fold difference in expression level corresponds approximately to a 1-unit difference. The units for these measurements are arbitrary, and are used in our study for measuring proportional changes in expression. Expression levels below seven are typically close to background noise levels.
Expression QTL (eQTL) Mapping
On the Illumina Sentrix Ò Mouse WG-6 v2.0 array each of our genes of interest was represented by a single probe set: Slc1a3 was represented by ILMN_2634317 (located at Chr 15, 8.584165 Mb) and Glul was represented by ILMN_ 2644496 (located at Chr 1 155.756755 Mb). Our previous experience has shown us that SNP position and the number of SNPs overlapping with the probe sets has a significant impact on the detection of cis-acting expression differences. Therefore, before performing the eQTL analysis, we looked for SNPs in the region of each transcript to which each probe set bound and determined that no SNPs were present in the region of hybridization (data not shown).
eQTL mapping was performed using our web-based complex trait analysis engine (GeneNetwork; www.gene network.org) using QTL reaper software [31] . This methodology uses regression analysis to determine the relationship between differences in a trait and differences in alleles at markers across the genome. Because BXD24 has a documented severe and early onset retinal degeneration due to a spontaneous mutation in CEP290 [32] , we removed expression data of this strain prior to our analyses to prevent any skewing that may occur. Simple interval mapping was carried out at regular chromosomal intervals to identify potential QTLs that regulate Slc1a3 and Glul expression levels and estimate the significance at each location using known genotype data for those sites. We also used composite interval mapping to factor out a portion of the genetic variance produced by any major QTLs and detect potential secondary QTL(s) that might otherwise be masked. Each of these analyses produced a likelihood ratio statistic (LRS) score, providing us with a measure of confidence in the linkage between our observed phenotype-in this case, Slc1a3 and Glul expression levels-and known genetic markers. The genome-wide significance for each QTL was established using a permutation test that compared the LRS of our novel site with the LRS values for 1,000 genetic permutations. This method is well established as a means of deterling probability of chance versus true genetic linkage [33] . Candidate regulatory genes were identified based upon LRS scores, mean expression levels and the presence of single-nucleotide polymorphisms (SNPs).
Correlation Analysis and Gene Ontology (GO) Analysis
The transcript level of each of our genes of interest, i.e., Slc1a3 or Glul, was compared to that of all 43,000 probe sets across the mouse genome to produce sets of genetically correlated genes. Genetic correlative analysis was calculated using Spearman's rank correlations using links on GeneNetwork. The top 2,000 correlated transcripts for each candidate were selected. After removing Riken clones, putative intergenic sequences and predicted genes, the remaining list of transcripts with mean expression levels greater than 7 were uploaded to the Gene Ontology Tree Machine (GOTM) (http://bioinfo.vanderbilt.edu/ gotm) [34] via a link on GeneNetwork. GOTM is a public tool for GO enrichment analysis. It allows users to input lists of highly correlated genes through the web interface, identifies GO terms that are significantly associated with the input gene lists, and visualizes the enriched GO terms in a directed acyclic graph (DAG). The P values generated from the hypergeometric test were automatically adjusted to account for multiple comparisons using the Benjamini and Hochberg correction [35] as implemented in GOTM.
Results
Probe Sets and Variation of Slc1a3 and Glul Expression Levels in Eyes of BXD Mice
The binding of Slc1a3 to the array varied significantly among the BXD strains. The average expression level of Slc1a3 in the BXD strains was 14.73 ± 0.03 (mean ± SEM) and ranged from a low of 14.25 ± 0.07 in BXD97 to a high of 15.38 ± 0.31 in BXD43 (Fig. 1a) . In the B6 parental strain, Slc1a3 had an average expression level of 14.58 ± 0.23, which did not differ statistically from that in the D2 parental strain (expression level of 14.62 ± 0.21; P [ 0.05). Similarly, the binding of Glul varied significantly among the RI strains. The average expression level was 9.73 ± 0.09 and ranged between 7.40 ± 0.30 (BXD44) and 11.42 ± 0.56 (BXD100: Fig. 1b) . The expression levels of the B6 and D2 parental strains were 10.32 ± 0.55 and 9.60 ± 0.55, respectively, which were not significantly different (P [ 0.05).
eQTL Mapping
Through marker regression and simple interval mapping of Slc1a3, we found a single suggestive eQTL for Slc1a3 (LRS = 16) on Chr 12 between 53 and 59 Mb, making it a trans-eQTL. There were no significant LRS peaks near the location of Slc1a3 itself (Fig. 2a) . Using the search capabilities of GeneNetwork, we identified three genes with significant LRS scores that mapped as cis-eQTLs at the location of the LRS peak on Chr 12 (Fig. 2b) . Each of these genes is a potential candidate for controlling the level of expression of Slc1a3. Based upon expression levels in the eye and abundance of SNPs in each gene, the most likely candidates were Snx6 and Srp54a, as Mipol1 was devoid of SNPs and had expression levels at or below background levels. Composite interval mapping revealed no secondary loci that modulate Slc1a3 expression levels (not shown).
Using identical methodologies, we found two suggestive eQTLs for controlling Glul expression. The first eQTL on Chr 1at 155.7 Mb was at the position of the gene itself ( Fig. 3a and inset in 3a) , making it a cis-eQTL. The second eQTL was on Chr 15 between 86 and 90 Mb, making it a trans-eQTL. Using the search capabilities of GeneNetwork, we identified four genes-Tbc1d22a, Zbed4, Arsa and Rabl2a-with significant LRS scores that mapped as a cis-QTL at the location of the trans-eQTL (Fig. 3b) . Based upon their respective expression levels and the presence of SNPs, the most likely candidates for regulating Glul expression levels are Tbc1d22a and Rabl2a. In addition to having significant LRS scores, both transcripts had high expression levels and multiple SNPs between the parental strains. Composite interval mapping revealed no secondary loci that modulate Glul expression levels (not shown). 
GO Analysis
After filtering the top 2,000 transcripts with expression levels that correlated with Slc1a3, a list of 1,622 transcripts was submitted for GOTM analysis and a set of very compact directed acyclic graphs were produced. Shown in Fig. 4 is the graph that clustered the transcripts according to molecular function. The molecular function categories that were statistically significant were ''binding'', ''nucleic acid binding'', ''RNA binding'', ''nucleoside binding'', ''catalytic activity'', ''nucleotide binding'', ''purine nucleotide binding'', ''ribonucleotide binding'', and ''purine ribonucleotide binding''. All of the categories were highly significant (10 of 10; 100%) and contained many genes (minimum of 96, maximum 1,098).
A list of 1,629 transcripts whose expression levels correlated with Glul was submitted for GO analysis. The compact directed acyclic graph that clustered the transcripts according to molecular function is shown in Fig. 5 .
Several of the statistically significant categories in the graph of Glul correlates was also present in the graph constructed from Slc1a3 correlates. The significant non-redundant molecular function categories were ''phosphoric ester hydrolase activity'', ''ligase activity, forming carbonnitrogen bonds'', ''amino acid ligase activity'' and ''ubiquitin-protein ligase activity''. The majority of the categories were highly significant (10 of 14; 71%) and contained many genes (minimum of 28, maximum 1,088).
We then mined both correlate lists for shared transcripts. GOTM analysis of the list of 105 shared transcripts yielded a directed acyclic graph that shared many categories that were generated from transcripts that correlated with Slc1a3 and/or Glul (Fig. 6 ). The major difference was that the graph derived from the shared correlates contained a few additional categories, such as ''ATP binding genes'' that expanded upon those found in Figs. 4 and 5 . The majority of the categories were highly significant (10 of 13; 77%) and contained many genes (minimum of 7, maximum 28). 
Discussion
Both Scl1a3 and Glul are critical Müller cell genes and their gene products are required for maintaining glutamate levels at non-toxic levels in the retina. Scl1a3 transports glutamate into Müller cells away from the synaptic terminals of neighboring neurons where it can be harmful. Within the cytoplasm of the Müller cell glutamine sythetase then converts the imported glutamate to non-toxic glutamine, which can be recycled to glutamate once transported back to retinal neurons [24, 25] . Our study has demonstrated that although the functions of these two gene products are highly synergistic, the genes are independently controlled-Slc1a3 expression is controlled by trans-eQTL on Chr 12, whereas Glul expression is selfregulated in addition to being controlled by a trans-eQTL on Chr 15. We've identified two plausible candidates in each trans-locus that may that may be responsible for modulating Slc1a3 and Glul expression levels. This small number of candidates can be easily evaluated through typical molecular biology experiments. These data are presented with the caveat that approximately 25% of the genes have significant cis-QTL and therefore using this strategy, we may be underestimating the list of potential regulatory loci. The function of Slc1a3 is tightly coupled to Na/K ATPase [23] , a ubiquitous membranous enzyme that functions to maintain the resting membrane potential of the cell, among other things. In exchange for the transport of three Na ? molecules to the extracellular space, two K ? ions are transported to the intracellular compartment [36] . This transport of Na ? and K ? is critical for balancing the exchange of ions that is coupled to the transport of glutamate by Slc1a3. Moreover, this active movement of molecules across the Müller cell membrane is fueled by the hydrolysis of ATP. In mammals, the Na/K ATPase is responsible for 1/3-2/3 of the energy consumption of the cell. The export of Na? from the cell due to the Na/K ATPase provides the driving force used the secondary active transporters, such as Slc1a3, to import other molecules, such as glutamate [36] (Fig. 7) . 4 Genetic associations with Slc1a3. GO analysis illustrates that the majority of molecular functions to which transcripts correlated with Slc1a3 expression belong include nucleoside, and purine ribonucleotide binding. All enriched categories show statistical significance (P values are listed in each box). Filled circle = GO category that is present in GOTM generated from top correlates of Slc1a3 and Glul. Filled square = GO category that is present in GOTM generated from top correlates of Slc1a3 and shared correlates. Filled triangle = GO category that is present in GOTM generated from top correlates of Slc1a3, Glul and shared correlates Fig. 5 Genetic associations with Glul. GO analysis illustrates that the majority of molecular functions to which transcripts correlated with Glul expression belong include ''phosphoric ester hydrolase activity'' and ''ligase activity forming carbon-nitrogen bonds''. Fifty-seven percent of the enriched categories show statistical significance (P values are listed in each box). Filled circle = GO category that is present in GOTM generated from top correlates of Slc1a3 and Glul. Filled diamond = GO category that is present in GOTM generated from top correlates of Glul and shared correlates. Filled triangle = GO category that is present in GOTM generated from top correlates of Slc1a3, Glul and shared correlates Given the large energy requirement necessary for the primary and secondary active transport of glutamate into Müller cells, it is expected that the purine ribonucleotide binding transcripts are highly enriched in our GOTM analysis. This category includes molecules that bind ATP, GTP, cAMP and cGMP. Moreover the enzymes that participate in the de novo synthesis of purine nucleotidesGart (trifunctional purine biosynthetic protein adeosine-3), Paics (phosphoribosylaminoimidazole carboxylase), Atic (bifunctional purine biosynthesis protein PURH), Prps1 (phosphoribosyl pyrophosphate synthetase) and Prpp (phosphoribosyl pyrophosphate) [37] [38] [39] -are all present in our list of correlates.
After being transported into the Müller cell, glutamate is enzymatically converted into glutamine via the reaction that is illustrated in Fig. 8 . The conversion of glutamate to glutamine by glutamine synthetase occurs via an acylphosphate intermediate containing and ester linkage [40] . This activity is reflected in the enriched category in our GOTM analysis of ''phosphoric ester hydrolase activity''. Another role of glutamine synthetase that is a consequence of the glutamate to glutamine conversion is that of nitrogen metabolism [41] . This activity is reflected in the enriched category of ''ligase activity, forming carbon-nitrogen bonds''. Further along in that same branch of the GOTM graph is the enriched category of ''ubiquitin-protein ligase activity''. This family of enzymes is involved in ubiquitinmediated proteolysis and in Parkinson's [42] and Huntington's diseases [43] . While glutamine synthetase has not been genetically linked to either of these diseases, mutations in the Glul gene have resulted in severe neurological compromise and marked brain attenuation resulting in death by one month of age [44] .
In an attempt to determine if there are genetic pathways that are co-regulated by Slc1a3 and Glul, we mined the individual lists of genetic correlates and generated a list of 105 transcripts that were common to both lists. The molecular function GOTM graph that was generated from this list obviously shared many of the characteristics of both parent trees. The ''ligase activity, forming carbon nitrogen Fig. 6 Genetic associations with correlates shared by Slc1a3 and Glul. GO analysis illustrates that the majority of molecular functions to which transcripts correlated with the expression of shared correlates belong include ''ligase activity, forming carbon-nitrogen bonds'' and ''ATP binding''. Sixty-nine percent of the enriched categories show statistical significance (P values are listed in each box). Filled square = GO category that is present in GOTM generated from top correlates of Slc1a3 and shared correlates. Filled diamond = GO category that is present in GOTM generated from top correlates of Glul and shared correlates. Filled triangle = GO category that is present in GOTM generated from top correlates of Slc1a3, Glul and shared correlates that are generated by the Na/K ATPase, which ''costs'' the cell one ATP molecule bonds'' enriched category was maintained with a subset of the genes that were present in the graph generated from Glul correlates. Also ''purine nucleotide binding'' function was maintained within the shared subset of transcripts. Importantly the branch of the graph that refined the ''purine nucleotide binding'' now included enriched categories of ATP binding genes, confirming that the regulation of ATP is an important feature of GOTM molecular function graphs generated from correlates of both Slc1a3 and Glul. In summary, although Slc1a3 and Glul and their gene products are functionally related, they are controlled by genetically distinct mechanisms. Despite the independent regulation, many genes that are transcriptionally correlated are also functionally related.
Those categories of shared transcripts include a small number of genes that function via forming carbon-nitrogen bonds and a larger number of genes that function via binding of ATP. These data demonstrate that the shared functions of Slc1a3 and Glul center around the currency of cellular energy. Given that the transport of glutamate and the production of glutamine require a large input of ATP to fuel the process, these results make biological sense. is formed and in the final product new carbon-nitrogen bonds are created by hydrolysis of the ester bonds. All of these steps are reflected in the enriched molecular function categories present in Fig. 5 
